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a  b  s  t  r  a  c  t

2,6-Lutidine  adsorbed  IR  spectroscopy  has  been  employed  to study  the  property  of acidic  sites
on  MoO3 and  Pt/MoO3.  The  results  showed  that  both  catalysts  possess  doublet  adsorption  bands
at  1605  +  1585  cm−1, ascribed  to Lewis  acid  sites,  and duo-doublet  bands  at  1660  +  1650  and
1640  + 1630  cm−1, ascribed  to  hydroxyl  groups;  these  indicate  an  OH defect  structure  of MoO3 and
Mo–OH  Brönsted  acidic  sites.  All  Brönsted  acid  sites  were  strong  enough  to retain  outgassing  at  473  K,
while  a considerable  number  of  relatively  weak  and  medium  acid  sites  as  well  as strong  Lewis acid
sites  existed.  The  addition  of Pt  slightly  altered  the  ratio  of Lewis/Brönsted  acid  sites  and  distribution
of  Lewis  acid  sites.  The  XRD  result  confirmed  the  formation  of  molybdenum  oxyhydride  (MoOx)−(Hy)+

on the  hydrogen  treated  Pt/MoO3, whereas  the hydrogen  adsorption  on 2,6-lutidine  pre-adsorbed  cata-
lysts  showed  the  formation  of protonic  acid sites  over  Pt/MoO3. These  results  strongly  suggested  that  the
interaction  of molecular  hydrogen  with  Pt/MoO3 formed  acidic  Brönsted  (MoOx)−(Hy)+ via  a  hydrogen
spillover  mechanism.  In fact,  no  (MoOx)−(Hy)+ and  protonic  acid sites  were  observed  on Pt-free  MoO3.
The  presence  of (MoOx)−(Hy)+ enhanced  the  activity  of  Pt/MoO3 in  the  cumene  hydrocracking  in  which
the  rate  conversion  of cumene  increased  by  about  30%, while  the  apparent  activation  energy  decreased
by  approximately  28  kJ/mol.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently, solid acid catalysts based on Al2O3, zeolite, ZrO2, and
MoO3 have been explored widely due to stability and regenerative
properties and the fact that they are highly active at a wide range
of reaction temperatures [1–3]. Bifunctional catalysts consisting of
acidic oxides and noble metals showed high efficiency in the acid
catalytic reaction, such as alkylation, isomerization and cracking.
An acid catalytic reaction is normally carried out in the presence of
hydrogen due to the role of hydrogen in the formation of protonic
acid sites and the removal of coke deposits from the surface cata-
lysts [4–6]. For certain classes of catalyst, the presence of a noble
metal is indispensable in the interaction with molecular hydrogen,
which leads to the formation of protonic acid sites [7,8].

Recently, several research groups have extensively focused
on the study of MoO3 type catalysts for acid catalytic reactions.
Blekkam et al. reported that the treatment of MoO3 with H2/alkane
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mixture yielded an active and selective catalyst for hexane isom-
erization [9,10]. They concluded, based on the XRD, XPS and
HRTEM results, that a molybdenum compound containing car-
bon as an oxycarbide (MoOxCy) acts as an active phase for alkane
isomerization. In addition, Ledoux and co-workers showed that
oxygen-modified Mo2C and carbon-modified MoO3 were active
and selective for heptane isomerization [10,11]. Molybdenum oxy-
carbide, which is formed by incorporating carbon atoms in the
molybdenum oxide lattice, has been considered to be the active
phase for heptane isomerization. Katrib et al. suggested that the
MoO2 phase was  responsible for hexane isomerization in which the
isomerization of MoO2 proceeds via a bifunctional mechanism [12].
In contrast, Wehrer et al. pointed out that MoO  has been proposed
to act as the active phase for alkane isomerization after incom-
plete reduction with pure H2 [13–15], and the catalytic activity of
partially-reduced MoO3 was  strongly dependent on the reduction
temperature [16]. In addition to the molybdenum oxide species,
Matsuda et al. reported that H2-reduced MoO3 was accompanied
by an increase in the surface area and became an active and selec-
tive catalyst for heptane isomerization [3]. The surface area can
be markedly enlarged when MoO3 is reduced through the forma-
tion of a hydrogen molybdenum bronze HxMoO3 phase. Recently,
they also studied the effects of H2 reduction on MoO3, Pt/MoO3
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and HxMoO3, in which the samples were prepared by a mixture of
MoO3, Zn and HCl solution [17]. Based on the XRD results, the effects
of H2 reduction on HxMoO3 were similar to those on Pt/MoO3, but
different from those on MoO3; H2 reduced HxMoO3 and Pt/MoO3
consisted of MoOxHy and Mo  metal in which both reduced HxMoO3
and Pt/MoO3 were active in the alkane isomerization. In addi-
tion, MoO3 was converted to a mixture of MoO2 and Mo  metal.
Although the type of acidic sites was not distinguished clearly, NH3-
TPD results showed that the reduction of HxMoO3 formed acidic
MoOxHy, which was active in the isomerization [18]. Matsuda et al.
suggested that the generation of isomerization activity could be
related to reduction of HxMoO3 to MoOxHy, and showed that more
acidic MoOxHy can be formed from HxMoO3 with a larger hydrogen
content [18]. The formation of active MoOxHy for isomerization was
also reported over SiO2 [19] and TiO2 [12] supports. Al-Kandari and
co-workers explored bifunctional (metal–acid) catalysts based on
titanium oxides for alkane isomerization [20]. They reported that
the H2-reduction of MoO3/TiO2 at 673 K for 12 h led to the forma-
tion of bifunctional (metal–acid) MoO2−x (OH)y phase structure on
the surface of TiO2. They performed the characterization of reduced
MoO3/TiO2 by XPS-UPS, ISS, FTIR and XRD techniques and showed
that the metallic–acidic property of the MoO2−x (OH)y phase pro-
moted high catalytic activity toward the isomerization of n-hexane,
n-heptane and n-octane [20–23].

Although several reports have been published on MoO3-type
catalysts, there is a lack of reports regarding the study of acidic
properties, the effect of hydrogen in the acidity and the activity
of MoO3 type catalysts. In the present report, we demonstrate the
results of XRD, ESR, IR and acid-catalytic cumene hydrocracking on
MoO3 and Pt/MoO3 catalysts. The adsorption of 2,6-lutidine probe
molecules was monitored by IR spectroscopy in order to study the
acidic nature and acid strength distribution of the catalysts. In con-
trast, the interaction of hydrogen with catalyst was assessed based
on the XRD, ESR and 2,6-lutidine pre-adsorbed IR spectroscopy
in order to confirm the formation and role of the acidic Brönsted
(MoOx)−(Hy)+ phase on the surface of MoO3-type catalysts.

2. Experimental

The MoO3 sample was prepared by calcination of H2MoO4
(Merck) at 673 K for 3 h. The Pt/MoO3 was prepared by impregna-
tion of MoO3 with an aqueous solution of H2PtCl6 (Merck) followed
by calcinations at 673 K in air. The surface areas of MoO3 and
Pt/MoO3 were 58 and 65 m2/g, respectively. The content of Pt was
0.5 wt%.

Crystalline phases of H2-reduced samples were determined
by X-ray diffraction (XRD) recorded on a Bruker AXS D8 Auto-
matic Powder Diffractometer using Cu K� radiation source with
� = 1.5418 Å at 40 kV and 40 mA  over a range of 2� = 20◦–60◦ with
a step size = 0.1. Samples for XRD measurements were prepared as
follows: a sample was subjected to H2 reduction at 673 K for 1, 3 and
6 h. After cooling to room temperature under H2 flow, the reduced
sample was dispersed in n-heptane solution to avoid any bulk oxi-
dation. The BET surface area and total pore volume of the samples
were determined by N2 adsorption–desorption isotherm using a
Quantachrome Autosorb-1 at 77 K. Prior to the measurement, the
sample was outgassed at 573 K for 3 h.

Fourier Transform Infra-Red (FTIR) measurements were carried
out with Agilent Carry 640 FTIR spectrometer. Before the analy-
sis, catalysts were activated according to the method described
in the literature [24]. In brief, a self-supported wafer placed in
an in situ stainless steel IR cell with CaF2 windows was activated
with a hydrogen flow at 673 K for 3 h, followed by outgassing at
673 h for 3 h. For 2,6-lutidine adsorption, the activated catalyst was
exposed to 0.53 kPa of 2,6-lutidine at room temperature for 15 min

followed by outgassing at room temperature, 373 and 473 K for
15 min, respectively.

For the observation of the generation of protonic acid sites
from molecular hydrogen on the catalysts, the 2,6-lutidine pre-
adsorbed catalyst was exposed to 13.33 kPa of hydrogen at room
temperature. Then, the catalyst was heated up stepwise from room
temperature to 373 K. The spectra were recorded at room temper-
ature.

A JEOL JES-FA100 ESR spectrometer was  used to observe the
formation of electron holes or unpaired electrons in vacuo heating,
and to observe the interaction of the electron holes or unpaired
electrons with electrons formed from molecular hydrogen through
a hydrogen-spillover mechanism from room temperature to 473 K.
Prior to the measurement, the catalyst was  activated in the pres-
ence of hydrogen at 673 K for 3 h, followed by outgassing at 673 K
for 3 h. Then the activated catalyst was exposed to 13.33 kPa
gaseous hydrogen at room temperature. The catalyst then was
heated to 323, 373, 423 and 473 K in the presence of hydrogen.
All spectra were recorded at room temperature.

The cumene cracking reaction was carried out at 573 K in a
microcatalytic pulse reactor equipped with an online sampling
valve for gas chromatography analysis. Prior to the reaction, the
catalyst was  activated in an oxygen stream at 673 K for 1 h. The
catalyst was  subsequently heated in a hydrogen stream at 673 K
for 6 h and then cooled to a reaction temperature in a hydrogen
stream. A dose of cumene (43 �mol) was passed over the 0.4 g of
activated catalyst, and the products were trapped at 77 K before
being flash-evaporated into an online 6090N Agilent gas chromato-
graph equipped with a VZ-7 packed column, FID and TCD detectors.
The intervals between doses were kept constant at 30 min.

The selectivity to particular product (Si) and conversion of
reactant (Xreactant) were calculated according to Eqs. (1) and (2),
respectively.

Si (%) = Ci∑
Ci − Creactant

× 100 (1)

Xreactant =
∑

Ci − Creactant∑
Ci

(2)

where Ci and Creactant are mole numbers of a particular compound
and for residual reactant, respectively, which were calculated based
on the Scott hydrocarbon calibration standard gas (Air Liquide
America Specialty Gases LLC). The specific rate conversion data was
obtained by multiplication of the differential conversion data and
rate constant (k). The rate constant was determined by the molar
concentration of the reactant divided by mass of the catalyst per
unit time with the assumption that the retention time for reactant
in the catalyst bed was negligibly small.

3. Results and discussion

Fig. 1A and B illustrates the change in the XRD patterns of
MoO3 and Pt/MoO3 after heating in hydrogen flow at 673 K for 1, 3
and 6 h, respectively. The diffraction lines corresponding to MoO3
(JCPDS data file 05-0508) were observed for both untreated MoO3
and Pt/MoO3 (data not shown). The hydrogen treatment of MoO3
evolved the phase of Mo  sites, in which MoO2 phase was observed
after 1 h. New diffraction lines appeared at 2� = 25.8◦, 36.7◦ and
53.3◦ after 3 h and the line still remained even after 6 h, Fig. 1A.
For Pt/MoO3, the diffraction lines due to MoO3 phase disappeared
completely and the lines at 2� = 25.8◦, 36.7◦ and 53.3◦ correspond-
ing to MoO2 phase were observed after hydrogen treatment for
1 h. The intensity of MoO2 decreased continuously with the treat-
ment time and small diffraction lines still remained after 6 h. After
6 h, new diffraction lines at 2� = 38.1◦ and 44.3◦ corresponding
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Fig. 1. XRD pattern of (A) MoO3 and (B) Pt/MoO3 reduced by H2 at 673 K for (a) 1 h (b) 3 h and (c) 6 h. (*) MoO3, (�) MoO2, and (�) (MoOx)−(Hy)+ phase.

to the molybdenum oxyhydride phase (MoOxHy) were observed
[16,18]. In recent years, several research groups have studied the
diffraction pattern of MoOxHy. Ledoux et al. [25] and Delporte et al.
[26] suggested that the diffraction lines of MoO3 at 2� = 38.1◦ and
44.3◦ correspond to the presence of MoOxHy, which is analogous
to molybdenum oxycarbide, MoOxCy. In addition, Matsuda et al.
reported that the diffraction lines at 2� = 38.1◦ and 44.3◦ correspond
to the MoOxHy phase [18]. In contrast, Wehrer et al. [13–15] pointed
out that the presence of hydrogen in this compound was  hard to
accept because thermal treatment did not change the XRD pattern,
and they proposed the existence of reduced molybdenum oxide
with the composition close to MoO. Moreover, Hawkins and Wor-
rel assigned the diffraction lines at 2� = 38.1◦ and 44.3◦ to a Mo2O
species [27].

Fig. 2 shows the adsorption–desorption isotherms of MoO3
and Pt/MoO3 samples. No appreciable difference appeared in
the pore size distribution between MoO3 and Pt/MoO3 catalysts.

The adsorption–desorption isotherms of MoO3 were identical to
Pt/MoO3, with both samples displaying the type IV isotherms with
a type H4 hysteresis loop in accordance with IUPAC adsorption
isotherm recommendations, indicating a complex mesoporous
structure. Fig. 2A shows that, at higher relative pressure (P/P0
between 0.5 and 0.8), a notable increase of adsorbed nitrogen
was observed, suggesting an important external surface area
contribution. The presence of Pt did not change the distribution of
the mesopores, with both catalysts giving similar pore volume due
to small addition of Pt metal (as shown in Fig. 2B).

The nature of the acid sites in the MoO3 and Pt/MoO3 was
qualitatively probed by 2,6-lutidine adsorption monitored by IR
spectroscopy. 2,6-Lutidine (pKb = 7.4), which demonstrated a more
basic character than the pyridine (pKb = 8.8), is used to study the
acidic nature of catalysts and their changes induced by the presence
of molecular hydrogen. The easiness of 2,6-lutidine to produce pro-
tonated species and weaker affinity for Lewis acid sites (due to the
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Fig. 3. IR spectra of 2,6-lutidine adsorbed on MoO3 and Pt/MoO3. Brönsted acid site region at 1675–1615 cm−1, and Lewis acid site region at 1630–1555 cm−1 when 2,6-lutidine
is  adsorbed at room temperature. Solid line: experimental spectra; dotted line: reconstituted spectra.

steric hindrance induced by the methyl group) give better interac-
tion toward relatively weak Brönsted and strong Lewis acid sites
[28]. Fig. 3 shows IR spectra of 2,6-lutidine adsorbed on MoO3 and
Pt/MoO3 at room temperature in the region of 1550–1700 cm−1

and their Gaussian curve-fitting. For both catalysts, 2,6-lutidine

probe molecule was able to interact strongly with Brönsted
and Lewis acidic sites at room temperature. Two characteristic
absorbance bands arose below and above 1620 cm−1, which are
ascribed to the 2,6-lutidine species adsorbed on Lewis and Brön-
sted acid sites, respectively. These bands are more clearly seen by
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Gaussian curve-fitting. Both catalysts showed dual doublet
adsorption bands at 1660 + 1640 and 1650 + 1630 cm−1, which are
associated with the 8a and 8b mode of lutidinium cations on the
hydroxyl group ( OH) defect structure of MoO3 and protonated
2,6-lutidine adsorbed on Brönsted acid sites, which formed as
Brönsted (Mo–OH) acidic function [23]. Also, Lewis acid sites are
more abundant on both catalysts than that of Brönsted acid sites.
The ratio of Lewis to Brönsted acid sites of Pt/MoO3 was  slightly
higher than that of Pt-free MoO3. The intensification of Lewis acid
sites in the presence of Pt may  be caused by the enhancement in
the dehydroxylation or dehydration process leaving Lewis acid
sites. A similar phenomenon was also observed on our previous
assignment on Pt/WO3–ZrO2 in which the introduction of Pt
resulted in an increase in the ratio of Lewis acid sites to Brönsted
acid sites due to enhancement in the removal of OH groups

[8]. We also reported the alteration in the acidic sites on ZrO2
due to the introduction of a small amount of MoO3 [29]. The IR
spectra of adsorbed 2,6-lutidine showed that the introduction
of 5 wt% MoO3 to ZrO2 partially eliminated the absorbance band
at 1605 cm−1 and developed new absorbance bands at 1595 and
1590 cm−1. The elimination of the absorbance band at 1605 cm−1

might be related to the interaction of MoO3 with Lewis acid sites
corresponding to the monoclinic phases of ZrO2, resulting in the
development of new Lewis acidic center with different strengths.
However, in the case of MoO3/Al2O3, a low concentration of
MoO3 (approximately 1.25 atoms/nm2) did not significantly affect
the number of acid sites of Al2O3. At high loadings of MoO3
(approximately 3.5 atoms/nm2), the number of surface Lewis sites
appreciably decreased and surface Brönsted acid sites were formed
[30].
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Fig. 4 shows the IR spectra of 2,6-lutidine adsorbed on MoO3 (A)
and Pt/MoO3 (B) in the function of 2,6-lutidine outgassing tem-
perature. Upon raising the outgassing temperature, 2,6-lutidine
molecules adsorbed on weak acid sites should be desorbed at lower
temperature, and those adsorbed on strong acid sites should be
desorbed at higher temperature. For both catalysts, the absorbance
bands associated with Brönsted acid sites did not change much
with the outgassing temperature up to 473 K, while the absorbance
bands ascribed to Lewis acid sites decreased considerably with
increasing temperature. These results indicated that most of the
Brönsted acid sites were strong enough to retain 2,6-lutidine
against outgassing at 473 K, while a considerable number of rel-
atively weak and medium acid sites as well as strong Lewis acid
sites existed. It should be noted that the decrease in the Lewis acid
sites at higher outgassing temperature was extensively observed
on Pt/MoO3 than that of MoO3. This may  be due to the desorption
of adsorbed 2,6-lutidine was accelerated by the presence of Pt.

Fig. 5 shows the changes of IR spectra in the range of
1700–1550 cm−1 when the 2,6-lutidine pre-adsorbed MoO3 was
heated in the presence of hydrogen from room temperature up to
373 K. Since the 2,6-lutidine pre-adsorbed sample was outgassed
at 473 K, the acid sites under consideration are only strong acid
sites that 2,6-lutidine can retain at outgassing temperature of 473 K

and below. For MoO3 (Fig. 5A), increasing the temperature did
not significantly change the intensity of both acid sites. However,
heating of 2,6-lutidine pre-adsorbed Pt/MoO3 in the presence of
hydrogen gradually changed the absorbance bands corresponding
to both Lewis and Brönsted acid sites (Fig. 5B). The intensity of
Lewis acid sites decreased and the intensity of Brönsted acid sites
increased with heating temperature. The changes of the absorbance
bands for both Lewis and Brönsted acid sites caused by inter-
action with hydrogen gas for both catalysts are plotted against
the heating temperature in Fig. 6. As the heating temperature of
MoO3 was raised, a small increase was  observed at the doublet
band 1605 + 1585 cm−1 corresponding to the Lewis acidic cen-
ters and there was  almost no change in the absorbance bands at
1660 + 1640 and 1650 + 1630 cm−1 attributed to the Brönsted acid
sites (Fig. 6A and B). The increase in the intensity of Lewis acid sites
may  be related to the formation of the MoO2 phase during hydrogen
treatment. In contrast, Fig. 6C and D show the different hydrogen
treatment effect on Pt/MoO3 catalysts. Doublet absorbance bands at
1605 + 1585 cm−1 corresponding to the Lewis acidic center began
to decrease at 323 K, while dual doublet bands corresponding to
Brönsted acid sites at 1660 + 1640 and 1650 + 1630 cm−1 began to
increase at 323 K and the changes occurred extensively with the
increasing temperature. The doublet bands at 1660 + 1640 cm−1
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did not increase much above 323 K, while the doublet bands at
1650 + 1630 cm−1 increased continuously with temperature show-
ing dependency relations of the formation of protonic acid sites
(Mo–OH) from molecular hydrogen and heating temperature.
These results also revealed the indispensability of Pt metal on MoO3
to facilitate the formation of acidic Brönsted Mo–OH, thereby pro-
ducing of acidic Brönsted (MoOx)−(Hy)+. In fact, no formation of
acidic Brönsted (MoOx)−(Hy)+ was observed on Pt-free MoO3. The
necessity of the metals like Pt or Pd on solid acid catalyst has
also been reported on SO4

2−–ZrO2 [31] and HZSM-5 [32] cata-
lysts. Contrarily, the presence of Pt or Pd metal is dispensable on
WO3–ZrO2 [33] and MoO3–ZrO2 [29] catalysts due to the ability
of W or Mo  or acidic sites to adsorb and to dissociate molecular
hydrogen to form atomic hydrogen. In addition, we have studied the
interaction of molecular hydrogen with MoO3 and Pt/MoO3 quan-
titatively with almost no interaction between hydrogen and MoO3
without Pt metal [34]. The results are essentially the same with
SO4

2−–ZrO2 catalysts in which the presence of Pt largely enhanced
the hydrogen uptake capacity of supports. These results of hydro-
gen uptake on MoO3 types are in good agreement with our IR
results where H2-reduced MoO3 formed MoO2; in tandem, H2-
reduced Pt/MoO3 formed acidic Brönsted (MoOx)−(Hy)+. Several
research groups have studied the formation of molybdenum oxy-
hydride induced by hydrogen treatment. Based on the XRD data,
Matsuda and co-workers reported the formation of MoOxHy phase
on the H2 reduced HxMoO3 and Pt loaded on MoO3 [17], while Al-
Kandari et al. studied the acid function Brönsted Mo–OH group on
MoO3/TiO2 catalyst by pyridine adsorbed IR. There are two  bands
adsorption at 1636 and 1536 cm−1 distinguished for the presence
of pyridinium ions (pyH+) on Brönsted acid sites. They stated the
metallic function to be the initial state for the dissociation of hydro-
gen molecules into active hydrogen atoms, which are then bonded
to surface oxygen atoms of MoO2 to generate Mo–OH Brönsted acid
sites [23].

Fig. 7A and B show the ESR signals of MoO3 and Pt/MoO3
catalysts, when the catalysts were outgassed at room temperature
and 673 K, followed by heating in the presence of hydrogen at
different temperatures. The outgassed spectra exhibit a main
(tetra)-coordinated Mo5+ signal at g = 1.917 [35,36]. The intro-
duction of hydrogen molecules at room temperature followed by

heating at 323 K decreased the ESR signal from Mo5+ species. The
reduction of the signal might be due to the trapping of electrons
by electron-deficient metals which were released from hydrogen
atoms. The change in signal g = 1.917 for MoO3 and Pt/MoO3 was
observed upon each heating temperature. For MoO3, there was
a small decrease at g-value of 1.917, while the Pt/MoO3 catalyst
showed a gradual decrease in the intensity of the signal indicating
that the formation of electrons occurs more extensively on the
Pt/MoO3 than on MoO3.

Cumene cracking is known to be the probe reaction on Brønsted
acid site. Shishido and Hattori have reported that the presence of
spilt-over hydrogen drastically promoted cumene cracking over
Pt/SO4

2−–ZrO2 [7]. They suggested that the protonic acid site orig-
inated by spilt-over hydrogen can be estimated qualitatively by
cumene cracking activity under hydrogen flow. Fig. 8A shows the
catalytic activity of MoO3 and Pt/MoO3 for cumene hydrocracking
as a function of reaction temperature. The reaction was performed
at the temperature range of 323–573 K under a hydrogen atmo-
sphere. The product distributions of cumene hydrocracking over
MoO3 and Pt/MoO3 catalysts are summarized in Table 1. The pre-
dominant component was propylene, while the minor components
were benzene, toluene and ethylbenzene that composed the out-
lets of cracking. Fig. 8A shows that Pt/MoO3 exhibited a higher
rate of conversion compared to MoO3 for all reaction temperature
ranges. The high activity of Pt/MoO3 was most probably due to
the ability of catalysts to form Brönsted (Mo–OH) which thereby
produce acidic Brönsted (MoOx)−(Hy)+ at a wide range of reaction
temperature in the presence of Pt metals and Lewis acidic centers
at 1585 + 1605 cm−1. In fact, no acidic Brönsted (MoOx)−(Hy)+ was
formed on Pt-free MoO3 which led to lower the activity of cata-
lyst. The activity of MoO3 may  be related to the presence of MoO2
phase which act as active sites for the cumene catalytic crack-
ing [12]. This revealed the indispensability of active sites for the
adsorption-dissociation of molecular hydrogen, such as Pt and the
Lewis acidic centers for stabilizing electrons. The difference was
extensively observed at a higher temperature due to the higher
interaction of molecular hydrogen and Pt sites to form the acidic
Brönsted (MoOx)−(Hy)+ phase. In addition, the formation of lower
alkanes was slightly suppressed at a higher temperature due to
the alteration of the reaction mechanism. At higher temperatures,
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Table 1
Product distribution of cumene cracking over MoO3 and Pt/MoO3 in the range of 323–573 K.

Reaction temperature (K) Selectivity (%)

MoO3 Pt/MoO3

Propylene Benzene Toluene and ethylbenzene Propylene Benzene Toluene and ethylbenzene

323 0 0 0 100 0 0
373  0 0 0 100 0 0
423  85 14.9 0.1 89.5 10.3 0.2
473  69.3 25.8 4.9 76.7 17 6.3
523  55 32.6 12.4 64.4 20.6 14.9
573  48.6 36.2 15.2 58.8 22.5 18.7

larger numbers of acidic Brönsted (MoOx)−(Hy)+ suppressed the
hydrogenolysis process and promoted the dimerization-cracking
route to form relatively higher hydrocarbons [32]. The activity of
both catalysts was low under nitrogen atmosphere at 573 K. In
fact, the activities were thirteenfold and seventeenfold lower than
those under hydrogen for MoO3 without and with Pt (Fig. 8B).
The low activity may  be caused by the absence of acidic Brön-
sted (MoOx)−(Hy)+ from molecular hydrogen during the reaction.
Studies of cumene cracking have been reported by Shishido and
Hattori over Pt/SO4

2−–ZrO2 [37]. High activity of cumene crack-
ing on Pt/SO4

2−–ZrO2 at 423 and 473 K has been reported due to
the formation of protonic acid sites through hydrogen spillover
mechanism. The higher activity was observed at a higher tem-
perature due to the ease of adsorption-dissociation of hydrogen
over Pt sites. Also, studies of the MoO3 type catalyst for light
alkane isomerization have been carried out by Matsuda [17] and
Al-Kandari et al. [21,22]. Al-Kandari et al. pointed out that bal-
anced metal–acid in the MoO2−x (OH)y phase is an active site for
n-hexane and n-pentane isomerization. Matsuda et al. reported
that H2-reduced Pt/MoO3 shows the highest activity of heptane
isomerization due to the formation of acidic MoOxHy. Wehrer and
co-workers also reported that the MoO2 phase is an inefficient
catalyst for skeletal isomerization of alkane [13,15]. Consistently,
our results showed that Pt/MoO3, which possesses acidic Brönsted
(MoOx)−(Hy)+, exhibited high catalytic activity in cumene hydroc-
racking with 54.8 kJ/mol of apparent activation energy (Fig. 9). The
activation energy of cumene cracking over Pt/MoO3 was slightly
lower than that of MoO3 and differed markedly to the HY and HX

catalysts for which the activation energy is 78.58 and 97.99 kJ/mol,
respectively [38]. The low activation energy for Pt/MoO3 indicated
the easiness of acidic Brönsted (MoOx)−(Hy)+ to interact with the
reactant in order to initiate the cracking.
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Fig. 9. Arrhenius plot of ln k in the effect of reaction temperature on MoO3 (�) and
Pt/MoO3 (�) in the range of 473–573 K.
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4. Conclusion

2,6-Lutidine adsorbed IR study indicated that MoO3 and
Pt/MoO3 possessed dual doublet absorption bands at 1660 + 1640
and 1650 + 1630 cm−1, which associated with 2,6-lutidinium
cations adsorbed on the OH defect structure and Brönsted Mo–OH
on the surface of MoO3. Also, the doublet bands at 1605 + 1585 cm−1

were found to correspond to the Lewis acid sites. Both Brön-
sted and Lewis acidic sites are strong in which the 2,6-lutidine
remains on both acidic centers after outgassing at 473 K. While
the formation of active acidic Brönsted (MoOx)−(Hy)+ phase over
Pt/MoO3 was confirmed based on the results of XRD and hydro-
gen adsorption on 2,6-lutidine pre-adsorbed IR studies, no acidic
Brönsted (MoOx)−(Hy)+ phase was observed on Pt-free MoO3
indicating the indispensability of Pt active sites for adsorption-
dissociation of molecular hydrogen. The presence of an acidic
Brönsted (MoOx)−(Hy)+ phase enhanced the conversion rate of
cumene cracking over Pt/MoO3 by about twofold higher than that
on MoO3.
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